1. Introduction {#sec1-cancers-12-00070}
===============

Gastric Cancer (GC) remains one of the most common and deadliest types of cancer in the world \[[@B1-cancers-12-00070]\]. Although GC incidence and mortality has decreased throughout the years and novel therapies have been developed, less than one fifth of advanced GC patients survive 5 years post disease diagnosis \[[@B2-cancers-12-00070],[@B3-cancers-12-00070]\]. Late diagnosis and high intra/inter-tumor heterogeneity likely explain this dismal prognosis and therapeutic failure \[[@B4-cancers-12-00070]\]. Given the non-curative nature of gastric surgery in patients with advanced cancer, two targeted therapies have been approved to treat these patients: the monoclonal antibodies *Trastuzumab* (anti-HER2) and *Ramucirumab* (anti-VEGFR2) \[[@B5-cancers-12-00070],[@B6-cancers-12-00070],[@B7-cancers-12-00070]\].

*Trastuzumab* combined with chemotherapy is given to patients harboring HER2 overexpressing tumors, used as a predictive marker of therapy response, and extends median overall survival in 2.7 months, compared to chemotherapy alone \[[@B5-cancers-12-00070]\] *Ramucirumab* is provided to GC unselected patients, extending their median overall survival in 2.2 months in comparison to conventional chemotherapy \[[@B7-cancers-12-00070]\]. Many other therapies have been tested targeting multiple cancer-associated receptors/ligands but failed to provide any survival benefit \[[@B8-cancers-12-00070],[@B9-cancers-12-00070],[@B10-cancers-12-00070],[@B11-cancers-12-00070],[@B12-cancers-12-00070]\]. Most of these therapies were tested without resourcing to predictive markers of therapeutic response, and this may justify their inefficiency. Therefore, understanding the molecular complexity of GC to identify valuable predictors of therapy response is urgent to decrease/delay mortality in this disease.

Antibodies targeting FGFRs, a known family of receptors often dysregulated in cancer, have been used in several GC clinical trials \[[@B13-cancers-12-00070],[@B14-cancers-12-00070]\]. Given the reported FGFR2 amplification/overexpression in GC, FGFR2 signaling has been for long considered a good candidate for new targeted therapies in this disease \[[@B15-cancers-12-00070],[@B16-cancers-12-00070],[@B17-cancers-12-00070],[@B18-cancers-12-00070]\]. For example, Su et al. \[[@B17-cancers-12-00070]\] reported 7.4% of *FGFR2* amplification in a UK GC cohort, while TCGA consortium \[[@B18-cancers-12-00070]\] described a maximum of 9% for specific GC molecular subtypes. Nagatsuma et al. reported that 31.1% of GCs presented FGFR2 protein overexpression, while Tokunaga et al. extended this observation to 61% in a cohort of esophagogastric junction adenocarcinoma \[[@B15-cancers-12-00070],[@B19-cancers-12-00070]\]. These and other studies triggered several clinical trials using different FGFR2-targeting antibodies in unselected GC patients, but with no survival benefit \[[@B12-cancers-12-00070],[@B20-cancers-12-00070]\] (e.g., clinical trial \#NCT01719549). The fact that *FGFR2* locus encodes two main isoforms with distinct expression patterns (the epithelial-specific FGFR2-IIIb and the mesenchymal FGFR2-IIIc isoforms), may contribute to this failure \[[@B21-cancers-12-00070],[@B22-cancers-12-00070]\]. The difference between these two isoforms lies on their third immunoglobulin domain, which leads to different binding affinities to FGFR ligands and distinct activation of downstream signaling pathways \[[@B21-cancers-12-00070],[@B23-cancers-12-00070],[@B24-cancers-12-00070]\].

In cancer, FGFR2 isoform dysregulation has been widely observed. FGFR2-IIIb overexpression has been detected in cervical, esophageal and pancreatic cancer \[[@B25-cancers-12-00070],[@B26-cancers-12-00070],[@B27-cancers-12-00070]\]. Particularly in pancreatic, but also in lung cancer, expression of FGFR2-IIIb and its main ligand FGF7, have been associated with poor prognosis \[[@B28-cancers-12-00070],[@B29-cancers-12-00070]\]. In contrast, FGFR2 down-regulation has been reported in bladder, prostate and salivary gland cancer \[[@B30-cancers-12-00070],[@B31-cancers-12-00070],[@B32-cancers-12-00070],[@B33-cancers-12-00070]\]. Interestingly, induced overexpression of FGFR2-IIIb in salivary gland, malignant prostate and bladder cancer cell lines led to decreased cell and tumor growth \[[@B33-cancers-12-00070],[@B34-cancers-12-00070],[@B35-cancers-12-00070]\]. Altogether, these studies revealed that FGFR2-IIIb isoform may have both oncogenic and tumor-suppressive effects in a tissue-dependent manner. Regarding FGFR2-IIIc, its expression has been thoroughly studied in the context of Epithelial-to-Mesenchymal Transition (EMT). *FGFR2-IIIb* is the major isoform in epithelial cells, while *FGFR2-IIIc* isoform becomes overexpressed when cells transit to a mesenchymal state \[[@B36-cancers-12-00070],[@B37-cancers-12-00070]\]. In cancer, this switch appears to be rare, nevertheless it has been observed during prostate cancer progression and from normal kidney to clear cell renal cell carcinoma (ccRCC) \[[@B38-cancers-12-00070],[@B39-cancers-12-00070]\]. Furthermore, in ccRCC, *FGFR2-IIIc* expression was found to be correlated with higher tumor grade and worse prognosis \[[@B39-cancers-12-00070]\]. In GC, different studies have reported FGFR2-IIIb overexpression in up to 4% of analyzed cases, most of which presenting *FGFR2* genetic amplification \[[@B40-cancers-12-00070],[@B41-cancers-12-00070]\]. Of notice, Han et al. showed a strong association between FGFR2-IIIb RNA and protein expression in a large GC cohort \[[@B41-cancers-12-00070]\]. Currently, there is one clinical trial testing the efficacy of an anti-FGFR2-IIIb antibody (*Bemarituzumab*) in combination with FOLFOX6 in GC (clinical trial \#NCT03694522). In this study, patients are being selected based on FGFR2-IIIb protein overexpression or *FGFR2* genetic amplification. Encouragingly, in a preliminary dose-finding study with this antibody, 4/21 patients with FGFR2-IIIb overexpression (gene amplification or protein overexpression) presented partial response to treatment \[[@B42-cancers-12-00070]\] (clinical trial \#NCT02318329). This shows that other mechanisms triggering aberrant *FGFR2* isoform expression in GC, may also be relevant for patient stratification. For example, Park et al. showed that *FGFR2* promoter methylation status was correlated with *FGFR2* RNA expression in a panel of GC cell lines \[[@B43-cancers-12-00070]\]; however this association was never assessed in actual patients' neoplastic material. Although studies reported FGFR2-IIIb as the most represented isoform in *FGFR2*-amplified GC cases, the frequency of FGFR2-IIIc expression has not been assessed.

ESRP1 is the main regulator of *FGFR2* alternative splicing and promotes splicing of *FGFR2-IIIb* in epithelial cells in detriment of FGFR2-IIIc. During EMT, as epithelial cells transdifferentiate into mesenchymal cells, ESRP1 and FGFR2-IIIb expression decreases, while FGFR2-IIIc increases \[[@B44-cancers-12-00070],[@B45-cancers-12-00070]\]. The role of ESRP1 in FGFR2 isoform expression was never addressed in GC and data on *ESRP1* (epi)genetic status is also scarce. Nevertheless, it has been shown that 50% of a large GC cohort presented copy number gain across the region encompassing the *ESRP1 locus* (8q22, \[[@B46-cancers-12-00070]\]). Although consequences of ESRP1-induced alternative splicing have been explored across several cancer types, showing both an oncogenic and tumor-suppressing effect, it has yet to be verified in GC \[[@B47-cancers-12-00070],[@B48-cancers-12-00070],[@B49-cancers-12-00070]\].

The overall aim of this study was to explore genetic and epigenetic events affecting the expression of *FGFR2* isoforms and their splicing regulator *ESRP1*, as well as their correlation and potential clinical impact. This knowledge is expected to shed light into better predictive markers of response to anti-FGFR therapy in GC.

2. Results {#sec2-cancers-12-00070}
==========

Herein, we explore the (epi)genetic regulation and expression pattern of FGFR2, its isoforms and splicing regulator ESRP1, in normal and tumor stomach samples, and potential associations with clinico-pathological and survival data.

2.1. FGFR2 and ESRP1 Are Frequently Amplified and Exhibit Promoter Demethylation in GC {#sec2dot1-cancers-12-00070}
--------------------------------------------------------------------------------------

*FGFR2* genetic amplification was observed in 19% (63/338) of stomach tumor samples from TCGA (cohort \#1: dataset \#1). When tumor was compared directly to its normal counterpart (T*vs*N) (cohort \#1: dataset \#2), the frequency raised to 31% (28/91) ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}a,b). However, no amplification was observed in T*vs*N from our own cohort \#2 cases ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}c). *ESRP1* amplification occurred in over 60% (209/338 and 57/91) of stomach tumors from cohort \#1, and in 15% (7/47) of cohort \#2 tumors ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}a--c). *FGFR2* and *ESRP1* were co-amplified in up to 24% of TCGA tumors when tumor and normal samples were compared. The most frequent combination of events was *FGFR2* normal copy number (CN) and *ESRP1* amplification, observed in 31--35% of TCGA tumors and in 15% of cohort \#2 ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}a--c).

Promoter methylation analysis of the region 2000bp upstream of the TSS of *FGFR2* and *ESRP1* revealed that most tumor samples from cohort \#1 (datasets \#3 and \#4), cohorts \#2, \#3 and \#4 were hypo/demethylated for both gene promoters ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}f,h,i). This result was validated by Bisulfite Sanger sequencing for the *FGFR2* promoter in a selected subset of cases from cohort \#2 ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}g and [Figure S3a](#app1-cancers-12-00070){ref-type="app"}).

To understand the frequency of tumors with the highest potential for a transcriptionally permissive state, we analyzed cohort \#1 dataset \#5 and observed that 62% (232/376) of the tumors presented concomitantly demethylated *FGFR2* and *ESRP1* promoters and *ESRP1* amplification, with *FGFR2* locus presenting either normal CN (34%, 129/376), amplification (15%, 58/376) or deletion (12%, 45/376) ([Figure 1](#cancers-12-00070-f001){ref-type="fig"}j). Furthermore, 4/4 GC cell lines tested presented fully demethylated *FGFR2* and *ESRP1* promoters ([Figure S3b](#app1-cancers-12-00070){ref-type="app"}).

2.2. FGFR2 and ESRP1 Promoter Demethylation and Amplification Are Correlated with High RNA Expression in GC {#sec2dot2-cancers-12-00070}
-----------------------------------------------------------------------------------------------------------

Our analysis revealed that most gastric tumors presented hypo/demethylation of both *FGFR2* and *ESRP1* promoters. To elucidate whether *ESRP1* and *FGFR2* demethylation in tumors was associated with higher gene expression, we analyzed available RNA data from cohorts \#1 and \#2. Overall, total *FGFR2* expression in normal tissue was not different from that in tumors ([Figure S4a](#app1-cancers-12-00070){ref-type="app"}). Nevertheless, those presenting *FGFR2* promoter demethylation displayed higher RNA expression than the few tumors presenting any degree of methylation (cohort \#1 dataset \#10, [Figure S4b](#app1-cancers-12-00070){ref-type="app"}). Unlike total *FGFR2*, *ESRP1* is overall overexpressed in tumors when compared to normal samples (cohorts \#1 datasets \#6 and \#7, *p*-value ranging from 8.93 × 10^−6^ to 9.46 × 10^−3^, [Figure S4c](#app1-cancers-12-00070){ref-type="app"}). Moreover, TCGA tumors with *ESRP1* promoter demethylation (cohort \#1 dataset \#10) presented higher RNA expression than the few cases presenting any degree of promoter methylation ([Figure S4d](#app1-cancers-12-00070){ref-type="app"}).

To understand whether *FGFR2* and *ESRP1* overexpression was associated with increased CN, we analyzed T*vs*N and unpaired tumor samples from cohort \#1 dataset \#8 and \#9. Although we could not find an association between total *FGFR2* RNA expression and *FGFR2* CN status when comparing T*vs*N, ([Figure S4e](#app1-cancers-12-00070){ref-type="app"}), we found that tumors with amplified *FGFR2* presented the highest total *FGFR2* RNA expression when compared to tumors bearing normal or deleted *FGFR2* CN (dataset \#9, [Figure S4f](#app1-cancers-12-00070){ref-type="app"}, *p*-value ranging from 1.97 × 10^−7^ to 9.46 × 10^−4^). Tumors with *ESRP1* amplification expressed significantly more *ESRP1* when compared to paired normal samples (*p*-value = 7.93 × 10^−3^, [Figure S4g](#app1-cancers-12-00070){ref-type="app"}) as opposed to those without amplification. In concordance, tumors with normal or deleted *ESRP1* CN presented lower RNA expression than those with *ESRP1* amplification (*p*-value = 2.2 × 10^−16^ and 1.57 × 10^−6^, [Figure S4h](#app1-cancers-12-00070){ref-type="app"}). The increase of *ESRP1* expression in T*vs*N derived particularly from tumors presenting, besides amplified *ESRP1* locus, normal *FGFR2* CN (*p*-value = 1.75 × 10^−2^, [Figure S4i](#app1-cancers-12-00070){ref-type="app"}). Interestingly, when analyzing exclusively tumor data, *ESRP1* expression was significantly increased when the *FGFR2* locus was concomitantly deleted ([Figure S4j](#app1-cancers-12-00070){ref-type="app"}). Overall, amplification, and most likely promoter demethylation also, of *FGFR2* and *ESRP1* genes correlate well with higher expression levels of both genes in gastric cancers.

2.3. ESRP1 and FGFR2-IIIb Are Overexpressed While FGFR2-IIIc Is Down-Regulated in GC {#sec2dot3-cancers-12-00070}
------------------------------------------------------------------------------------

Given the role of ESRP1 as the main regulator of *FGFR2* alternative splicing, we next calculated the expression of *FGFR2-IIIb* and *FGFR2-IIIc* specific exons, as surrogates of the respective *FGFR2* isoforms ([Figure 2](#cancers-12-00070-f002){ref-type="fig"}a and Material and Methods Section). We then correlated *FGFR2* isoform expression with the previously described *ESRP1* expression ([Figure S4c](#app1-cancers-12-00070){ref-type="app"}), in T*vs*N and unpaired tumor datasets from TCGA (cohort \#1 datasets \#6 and \#7). *FGFR2-IIIb* expression was higher in tumors than in normal tissue, while the opposite occurred for *FGFR2-IIIc* ([Figure 2](#cancers-12-00070-f002){ref-type="fig"}a, *p*-value = 9.46 × 10^−3^ and 1.90 × 10^−3^, respectively). This result was mimicked in TvsN cases from cohort \#2 ([Figure 2](#cancers-12-00070-f002){ref-type="fig"}b). Given that there were only 27 TvsN pairs for expression analysis in TCGA, we calculated the median expression detected in the 27 normal samples (cohort \#1 dataset \#6) and used it for comparison with data from 348 tumor samples (cohort \#1 dataset \#7). More than half (183/348---53%) of tumor samples presented *FGFR2-IIIb* and *ESRP1* overexpression and *FGFR2-IIIc* under-expression in comparison to the median expression of normal stomach samples ([Figure 2](#cancers-12-00070-f002){ref-type="fig"}c). By comparing exact RNA expression values, instead of using the median, we observed that the expression of *FGFR2* isoforms and *ESRP1* is consistent in tumors from two different datasets (cohort \#1 datasets \#6 and \#7) (*p*-value \> 0.05, [Figure 2](#cancers-12-00070-f002){ref-type="fig"}d), while being significantly distinct from the expression of both genes detected in normal samples (cohort \#1 dataset \#6, *p*-value ranging from 8.93 × 10^−6^ to 9.46 × 10^−3^, [Figure 2](#cancers-12-00070-f002){ref-type="fig"}d). Overall, in comparison with normal stomach, GC tumors express high RNA levels of *FGFR2-IIIb* and *ESRP1* and low *FGFR2-IIIc* RNA levels.

2.4. Expression of ESRP1 and FGFR2 Isoforms Are Significantly Correlated with CN Status of Corresponding Gene Loci in GC {#sec2dot4-cancers-12-00070}
------------------------------------------------------------------------------------------------------------------------

To verify if there was an association between the expression of *FGFR2* isoforms and *FGFR2* and *ESRP1* CN status, we analyzed cohort \#1 dataset \#9. *FGFR2-IIIb* expression was significantly increased in *FGFR2* amplified cases, in comparison with tumors where *FGFR2* was normal or deleted (*p*-value = 4.05 × 10^−5^, [Figure 3](#cancers-12-00070-f003){ref-type="fig"}a). Moreover, *FGFR2-IIIb* expression was directly correlated with *FGFR2* CN status, i.e., amplified cases presenting the highest RNA expression, while deleted cases presenting the lowest RNA expression (*p*-value ranging from 3.10 × 10^−7^ to 1.52 × 10^−2^, [Figure 3](#cancers-12-00070-f003){ref-type="fig"}a). This was also generally true for *FGFR2-IIIc* ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}b).

To understand whether *ESRP1* CN status was correlated with *FGFR2* isoform expression, we categorized each case according to both *FGFR2* and *ESRP1* CN status and analyzed the expression of *FGFR2* isoforms. In tumors with *ESRP1* amplification or normal CN, *FGFR2-IIIb* expression was similar, even if *FGFR2* was amplified ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}c, \#1, [Figure S5](#app1-cancers-12-00070){ref-type="app"}). This was also valid for *FGFR2-IIIc* expression exclusively in *FGFR2* amplified cases ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}d, \#1, [Figure S5](#app1-cancers-12-00070){ref-type="app"}). In tumors with normal *ESRP1* and *FGFR2* CN, *FGFR2-IIIc* expression was higher than in tumors with *ESRP1* amplification ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}d, \#2, [Figure S5](#app1-cancers-12-00070){ref-type="app"}). Moreover, only if *ESRP1* was amplified, *FGFR2-IIIb* expression was significantly higher in cases with normal *FGFR2* CN in comparison with cases with *FGFR2* deletion ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}c, \#3, [Figure S5](#app1-cancers-12-00070){ref-type="app"}). We also verified that high *ESRP1* expression is mainly driven by its own amplification and does not depend on *FGFR2* CN status ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}e).

Overall, these data support that in GC, ESRP1 CN changes are major regulators of not only its own expression but also of FGFR2 isoforms, favoring FGFR2-IIIb in opposition to FGFR2-IIIc expression.

2.5. Patients with Low FGFR2-IIIc Expression and Diffuse-Type GC Present Better Overall Survival than Those with FGFR2-IIIc High Expression {#sec2dot5-cancers-12-00070}
-------------------------------------------------------------------------------------------------------------------------------------------

Given the expressional differences between normal and tumor samples for *FGFR2* isoforms and *ESRP1*, we next crossed these data with several clinico-pathological features made available by the TCGA consortium. In particular, we have categorized every GC sample (cohort \#1 dataset \#11) as displaying *FGFR2-IIIb*, *FGFR2-IIIc* and *ESRP1* expression above or below the median expression detected in normal samples (cohort \#1 dataset \#6). As control, the same categorization was performed taking into account the RNA expression of the shared up/downstream exons of *FGFR2*.

We found that GC patients whose tumors present low *FGFR2-IIIc* expression (below the median) were more frequently alive (*p*-value = 1.46 × 10^−2^), and tumors were often of the intestinal type (*p*-value = 1.21 × 10^−6^), preferentially from the CIN (chromosomal instable) subgroup and rarely genomically stable (GS) (*p*-value = 3.54 × 10^−7^) ([Table 1](#cancers-12-00070-t001){ref-type="table"}) \[[@B18-cancers-12-00070]\]. In contrast, GC patients whose tumors presented high *FGFR2-IIIc* expression (above the median) were more frequently of the diffuse type and belonged to the GS subgroup. Concerning *ESRP1* expression, 85% of tumors presenting low *ESRP1* expression (below the median) were of the diffuse type (*p*-value = 3.14 × 10^−10^) and 80% belonged to the GS subgroup (*p*-value = 1.07 × 10^−7^), while those presenting high *ESRP1* expression, were mainly of the intestinal type and CIN subgroup. No statistically significant associations were identified between *FGFR2-IIIb* expression and clinico-pathological features of patients and tumors.

With this analysis, we also observed for cohort \#1 dataset \#11 that different histological types presented distinct above/below distribution, particularly for *FGFR2-IIIc*. While most intestinal and mixed-type GCs presented low *FGFR2-IIIc* expression, for the diffuse-type cases a 50--50 proportion was observed ([Figure 4](#cancers-12-00070-f004){ref-type="fig"}a). Given the well-known correlation between diffuse-type GC and worse prognosis, we next performed a survival analysis. Indeed, this analysis showed that patients with diffuse-type GC presenting high *FGFR2-IIIc* expression had a significantly worse overall survival ([Figure 4](#cancers-12-00070-f004){ref-type="fig"}b,c, overall log-rank *p*-value = 3.40 × 10^−2^, for all comparisons see [Figure S6a](#app1-cancers-12-00070){ref-type="app"}). The same was not observed for intestinal and mixed-type GCs, neither for *FGFR2-IIIb*, *ESRP1* nor *FGFR2-IIIc* (data not shown). The same biased distribution for *FGFR2-IIIc* expression above/below normal stomach median was observed exclusively in GS GCs ([Figure S7b](#app1-cancers-12-00070){ref-type="app"}). This also translated into a worse overall survival of GC patients with GS and high *FGFR2-IIIc* expression ([Figure S7c](#app1-cancers-12-00070){ref-type="app"}, *p*-value = 2.4 × 10^−2^, log-rank test). Importantly, none of these associations with overall survival could be attributed to tumor stage, given that this cohort presented similar frequencies of stage I/II and stage III/IV tumors in each category of RNA expression ([Table 1](#cancers-12-00070-t001){ref-type="table"}).

To understand if *FGFR2*/*ESRP1* CN status could also be correlated with overall survival, the same clinico-pathological factors were studied ([Table S3](#app1-cancers-12-00070){ref-type="app"}). We observed that there was a significant correlation between tumor histotype and *ESRP1* CN (*p*-value = 2.55 × 10^−3^): while most amplified tumors were of the intestinal type, almost 40% of samples with normal *ESRP1* CN were diffuse-type GCs. We also saw that the majority of tumors with *FGFR2* or *ESRP1* amplification or deletion were of the CIN subtype (*p*-value = 2.82 × 10^−12^ and 2.58 × 10^−4^, respectively).

We next performed a survival analysis; however no significant differences were found for tumors with different *FGFR2* or *ESRP1* CN status, even when taking into account the histotype or the tumor stage ([Figure S7](#app1-cancers-12-00070){ref-type="app"}).

2.6. ESRP1 Control over FGFR2 Isoform Expression May Be GC Histotype-Dependent {#sec2dot6-cancers-12-00070}
------------------------------------------------------------------------------

Given the specific association between high expression of *FGFR2-IIIc* and poorer overall survival, specifically for diffuse GCs, and the known role of ESRP1 in controlling *FGFR2* splicing, we hypothesized that this control could occur differently depending on the GC histotype. To test this, we used a diffuse and an intestinal gastric cancer cell line: KATO-III and MKN74, respectively. Of notice, KATO-III parental cells already presented very high expression levels of total *FGFR2* and both isoforms, due to a known *FGFR2* amplification, unlike MKN74 parental cells ([Figure 5](#cancers-12-00070-f005){ref-type="fig"}a). Using RNAi, we depleted *ESRP1* expression (\>90% efficiency, [Figure 5](#cancers-12-00070-f005){ref-type="fig"}b--d), and observed that total *FGFR2* and *FGFR2-IIIb* RNA expression significantly decreased specifically in KATO-III cells ([Figure 5](#cancers-12-00070-f005){ref-type="fig"}b), while *FGFR2-IIIc* RNA expression significantly increased in both KATO-III and MKN74 cells ([Figure 5](#cancers-12-00070-f005){ref-type="fig"}c). These differences supported our hypothesis that ESRP1 plays a different role in distinct GC histological types regarding splicing/expression regulation of *FGFR2* isoforms, and that the effect is more pronounced in the diffuse-type GC.

3. Discussion {#sec3-cancers-12-00070}
=============

The objective of this study was to explore the mechanisms dysregulating the expression of *FGFR2* and its splicing regulator *ESRP1* in GC, by analyzing changes in copy number, promoter methylation and RNA expression of *FGFR2* and its isoforms. This knowledge is expected to shed light into novel predictive biomarkers for stratification of GC patients for anti-FGFR2 therapy.

We first explored CNVs in both *FGFR2* and *ESRP1 loci* and found that these genes were frequently amplified or co-amplified in gastric tumors. Albeit increased CN of these *loci* has been previously reported \[[@B17-cancers-12-00070],[@B18-cancers-12-00070],[@B46-cancers-12-00070]\], the same is not true for their co-amplification. We also observed that tumors with *FGFR2* and *ESRP1* genetic amplification presented increased RNA expression of the respective gene, supporting CN change as one of the mechanisms underlying *FGFR2*/*ESRP1* signaling dysregulation in GC.

We next explored whether the *FGFR2* promoter methylation status could further explain its overexpression in GC: we observed that most tumors displaying low levels of *FGFR2* promoter methylation showed increased RNA expression than those with higher methylation levels. This was also true for *ESRP1*, which displayed low levels of promoter methylation in almost all tumor samples and higher RNA expression than those with other methylation levels. These data are consistent with the expected control over RNA expression exerted by methylation at CpG islands \[[@B50-cancers-12-00070],[@B51-cancers-12-00070]\] and indicate that both *FGFR2* and *ESRP1* promoters, by being overall demethylated, are likely in a transcriptionally permissive state.

We also found that the expression of *FGFR2-IIIb*, but not of total *FGFR2*, was significantly increased in tumor samples. This was expected given the known role of ESRP1 in the regulation of *FGFR2* alternative splicing. Our data is in accordance with previously published studies reporting the prevalence of the *FGFR2-IIIb* isoform in GC \[[@B40-cancers-12-00070],[@B41-cancers-12-00070]\], although further validation at the protein level should be performed. Interestingly, we found that the increase in *FGFR2-IIIb* expression occurred concomitantly with a decrease in *FGFR2-IIIc* expression in GC. This *bias* towards *FGFR2-IIIb* is particular to stomach tumors, as both isoforms present similar RNA expression levels in normal stomach, revealing a tight control of this process in normal tissue as opposed to cancer. This result also suggests that the expression of *FGFR2* isoforms is controlled in a tissue- and cancer-type specific manner \[[@B39-cancers-12-00070]\]. For example, in normal kidney *FGFR2-IIIb* is overexpressed in detriment of *FGFR2-IIIc*, while in clear cell renal cell carcinoma (ccRCC), *FGFR2-IIIc* becomes overexpressed in detriment of *FGFR2-IIIb* \[[@B39-cancers-12-00070]\].

We next tried to understand whether the pattern of expression of *FGFR2* isoforms in GC was correlated with *FGFR2* and *ESRP1* CN status and discovered that *FGFR2-IIIb* was significantly increased in tumors with *FGFR2* amplification ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}a,b). Interestingly, this genetic alteration was not associated with low *FGFR2-IIIc*, which could indicate that only *FGFR2-IIIb* is selectively dysregulated in *FGFR2*-amplified GC tumors. However, when considering the CN status of both genes, we observed that the *ESRP1* CN affected only *FGFR2-IIIc* RNA expression ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}d). We observed that in tumors with *FGFR2* normal CN, *ESRP1* amplification was associated with a significant decrease in *FGFR2-IIIc* RNA expression in comparison with tumors with normal *ESRP1* CN ([Figure 3](#cancers-12-00070-f003){ref-type="fig"}e, \#2). Although it has been previously reported that *FGFR2-IIIc* down-regulation is due to *ESRP1* overexpression \[[@B52-cancers-12-00070]\], our study is the first to reveal the genetic mechanism by which *ESRP1* becomes overexpressed (gene amplification) promoting *FGFR2* isoform expression *bias*. This data represents a novel layer in the expression regulation of *FGFR2* isoforms, and supports further studying *FGFR2-IIIc* dysregulation in tumors with *FGFR2* normal CN.

The relevance of *FGFR2-IIIc* expression in GC was further emphasized by important correlations found with clinico-pathological data and the overall survival of patients. Indeed, we verified that GCs of the diffuse histological type presenting high *FGFR2-IIIc* RNA expression presented significantly poorer overall survival than those with low expression. Not surprisingly, the same was observed in GS GCs, as this molecular subtype is known to greatly overlap diffuse-type GC \[[@B50-cancers-12-00070]\]. Strikingly, for *FGFR2-IIIb* no particular correlations were identified, contrarily to previous reports \[[@B40-cancers-12-00070],[@B53-cancers-12-00070]\]. For example, Ahn et al. (2016) showed that patients with diffuse-type GC and FGFR2-IIIb protein overexpression presented better overall survival \[[@B40-cancers-12-00070]\]. Although this could be related to our lack of protein data, it may also be due to the lack of normal samples analyzed by Ahn et al. In fact, non-cancerous gastric tissue has been shown to display FGFR2-IIIb staining \[[@B54-cancers-12-00070]\], providing relevance to our choice of using the median expression levels detected in normal samples as a cut-off for gene/isoform overexpression,. Han et al. also showed a strong association between *FGFR2-IIIb* RNA and protein expression, strengthening the confidence in our approach. We also confirmed that our latter results were not biased by an uneven distribution of stage III/IV tumors among *FGFR2-IIIc*-overexpressing tumors, which despite needing independent validation, strengthens the value of our findings.

Supporting previous reports showing a lack of correlation between *FGFR2* CN and the overall survival of patients \[[@B12-cancers-12-00070]\], we also found no correlation for *FGFR2* and *ESRP1* CN status in gastric tumors and overall survival of patients.

As a final experiment to understand the regulation of ESRP1 over *FGFR2* isoforms in an histotype-dependent manner, we depleted *ESRP1* in GC-derived cell lines. ESRP1 was only capable of regulating both *FGFR2* isoforms in a diffuse GC cell line ([Figure 5](#cancers-12-00070-f005){ref-type="fig"}d). As diffuse-type GC is known to be associated with a more stem-cell-like signature \[[@B55-cancers-12-00070]\], our in vitro results with KATO-III cells recall those by Fagoonee et al., showing that ESRP1-knockdown in mouse embryonic stem-cells also led to an expression *bias* towards *FGFR2-IIIc* \[[@B56-cancers-12-00070]\].

Overall, our results encourage further studies on the role of *ESRP1* in GC and support *FGFR2-IIIc* as a relevant biomarker in this disease.

4. Materials and Methods {#sec4-cancers-12-00070}
========================

4.1. Description of Cohorts {#sec4dot1-cancers-12-00070}
---------------------------

In this study, three main data categories were used: copy number variation (CNV), DNA methylation, and transcriptome profiling. A total of 4 GC cohorts were used for our study: cohort \#1 from TCGA; cohort \#2, a private GC cohort; cohort \#3 from Kwon et al. \[[@B57-cancers-12-00070]\] and; cohort \#4 from Lei et al. \[[@B55-cancers-12-00070]\] ([Table S1](#app1-cancers-12-00070){ref-type="app"}). In particular, cohort \#1 was split in 11 datasets depending on the data category assessed: dataset \#1--338 tumors analyzed for CNV by Affymetrix SNP 6.0 array; dataset \#2--91 normal/tumor pairs analyzed for CNV by Affymetrix SNP 6.0 array; dataset \#3--27 normal/tumor pairs analyzed for DNA methylation with *Illumina Human Methylation 27* beadchip; dataset \#4--416 tumors analyzed for DNA methylation with *Illumina Human Methylation 450k* beadchip; dataset \#5--376 tumors analyzed for CNV by Affymetrix SNP 6.0 array and DNA methylation with *Illumina Human Methylation 450k* beadchip; dataset \#6--27 normal/tumor pairs analyzed for transcriptome profiling by RNA-sequencing; dataset \#7--348 tumors analyzed for transcriptome profiling by RNA-sequencing; dataset \#8--23 normal/tumor pairs analyzed for CNV by Affymetrix SNP 6.0 array and for transcriptome profiling by RNA-sequencing; dataset \#9--339 tumors analyzed for CNV by Affymetrix SNP 6.0 array and for transcriptome profiling by RNA-sequencing; dataset \#10--375 tumors analyzed for DNA methylation by *Illumina Human Methylation 27* or *450k* beadchip and for transcriptome profiling by RNA-sequencing and; dataset \#11--198 tumors analyzed for CNV and transcriptome profiling with relevant clinical data, particularly concerning patient (gender, age, race, ethnicity, age at diagnosis, vital status, days to death if applicable) and the tumor (stage, Lauren class, and molecular subtype). Cohort \#2 entailed 47 paired normal mucosa and gastric tumors analyzed for CNV by Whole-Genome Sequencing (WGS, Complete Genomics platform performed as a service by BGI, Shenzhen, China) and DNA methylation by Reduced Representation Bisulfite Sequencing (*RRBS*, Illumina platform, performed as a service by BGI, Shenzhen, China). Cohort \#3 encompassed 32 normal/tumor pairs analyzed for DNA methylation with *Illumina Human Methylation 27* beadchip (GSE25869, \[[@B57-cancers-12-00070]\]). Cohort \#4 was constituted by 75 normal/tumor pairs analyzed for DNA methylation with *Illumina Human Methylation 27* beadchip (GSE30601 \[[@B55-cancers-12-00070]\]). In [Table S2](#app1-cancers-12-00070){ref-type="app"} it is possible to observe the overlap between cohort \#1 samples across the distinct datasets \#1-10.

4.2. Copy Number Variation Data Analysis {#sec4dot2-cancers-12-00070}
----------------------------------------

For cohort \#1 datasets \#1, \#2, \#5, \#8, \#9 and \#11, CNV (masked) was obtained in terms of segment mean values, downloaded from the Genomic Data Commons (GDC) data portal \[[@B58-cancers-12-00070]\], particularly for samples in the TCGA-STAD project. As performed by Laddha et al. \[[@B59-cancers-12-00070]\], we defined the segment mean cut-offs by analyzing *FGFR2* and *ESRP1* distribution of segment mean values, for all available normal mucosa and gastric tumor samples (datasets \#1, \#2, [Figure S1](#app1-cancers-12-00070){ref-type="app"}). This analysis showed that a cut-off of ±0.1 segment mean was enough to separate normal from tumor samples for both genes. Therefore, we classified *FGFR2*/*ESRP1* as: (1) amplified when the segment mean was above 0.1; (2) deleted when the segment mean was below -0.1 and; (3) with normal copy number when the segment mean was between −0.1 and 0.1. Furthermore, only samples for which all probes overlapping *FGFR2* or *ESRP1 loci* were concordant were considered. For each of cohort \#2 paired samples, DNA was extracted using QIAamp DNA Mini Kit (Qiagen) and subjected to WGS as a service by BGI (Shenzhen, China) using the Complete Genomics platform. Resulting data was analyzed using BGI internal pipelines and GISTIC 2.0 \[[@B60-cancers-12-00070]\] to determine CNV in normal and tumor pairs from cohort\#1. Genes with GISTIC 2.0 values equal or above 1 were considered to be amplified, genes with values equal or below -1 as deleted and genes with values equal to 0 as without CNV.

4.3. DNA Methylation Data Analysis {#sec4dot3-cancers-12-00070}
----------------------------------

### 4.3.1. RRBS {#sec4dot3dot1-cancers-12-00070}

For each of cohort \#2 paired samples, extracted DNA was subjected to RRBS as a service by BGI (Shenzhen, China) using an Illumina platform. Resulting data was analyzed using BGI internal pipelines \[[@B61-cancers-12-00070]\] and the methylation levels for *FGFR2* and *ESRP1* promoters across cohort \#1 normal and tumor paired samples was retrieved. The promoters of *FGFR2* and *ESRP1* were defined by BGI internal pipelines as the region ranging from the TSS to 2000 bp upstream of it: *FGFR2* promoter was localized at chr10:121598458-121600598 and *ESRP1* promoter at chr8:94639136-94641136 (UCSC genome browser, hg38 \[[@B62-cancers-12-00070]\]). Next, we calculated the ratio of the methylation level for each normal/tumor pair from cohort \#1, and: if the ratio was equal or higher than 1.5, the sample was classified as hypermethylated; if the ratio was below or equal to 0.66, the sample was classified as hypomethylated (i.e., 2-fold decrease in the tumor counterpart); if the ratio was between 0.66 and 1.5, the sample was classified as normal.

### 4.3.2. Bisulfite Sanger Sequencing {#sec4dot3dot2-cancers-12-00070}

DNA from 13 normal/tumor pairs from cohort \#2 was bisulfite-converted using the Epitect Bisulfite Kit (Qiagen) following manufacturer's instructions. Afterwards, *FGFR2* and *ESRP1* promoter methylation status was validated using two pairs of primers designed to amplify bisulfite-treated DNA in the regions defined by the coordinates chr10:121598809-121598954 and chr8:94640249-94640436 (*FGFR2* and *ESRP1* respectively, UCSC genome browser, hg38 30), selected as proxies for the promoter regions evaluated by RRBS. For *FGFR2* promoter proxy, the primers used were: 5′-GGGAGGGTAGGGTTAGAG-3′ and 5′-CCCTCTCTACCAATCAAC-3′. Up to 36 CpG sites could be detected however consistent results were only observed for CpG sites 5-24. For *ESRP1* promoter proxy, the primers used were 5′-GGAGTGATTAGGTGGTTGG-3′ and 5′-CAACTCCTAAACCAACACAAC-3′.

### 4.3.3. Illumina Human Methylation 27/450 Beadchip Data Collection {#sec4dot3dot3-cancers-12-00070}

For cohort \#1 datasets \#3, \#4, \#5, \#10, the beta-values for normal/tumor samples obtained using these chips was collected from the TCGA project, using the GDC data portal and samples from the TCGA-STAD project. For cohorts \#3 and \#4, the beta-values for the GEO-deposited datasets GSE25869 and GSE30601. For cohort \#2 dataset \#3 and cohorts \#3 and \#4 intensity data was available for both paired normal and tumor samples only for 2 probes overlapping *FGFR2* and 1 probe overlapping *ESRP1* CpG islands and selected proxies. For *FGFR2*, intensity values were collected for probes cg17028039 and cg09772154. For *ESRP1*, intensity values were collected for probe cg26350286. For cohorts 7 and 12, intensity information was available for up to 9 probes overlapping *FGFR2* and 3 probes overlapping *ESRP1* CpG islands and selected proxies. For *FGFR2*, intensity values were collected for probes cg03471571, cg05368033, cg12835048, cg17028039, cg06657142, cg17794169, cg22762615, cg02179499, and cg09772154. For *ESRP1*, intensity values were collected for probes cg14154651, cg26350286, and cg07473471. The average beta-value for available probes was calculated and given that the average beta-value values range from 0 (fully demethylated) to 1 (fully methylated), samples were classified as: demethylated, if the average beta-value was equal or below 0.33; hemimethylated, if the average beta-value was between 0.33 and 0.66 and; methylated, if the average beta-value was equal or above 0.66.

4.4. Transcriptome Profiling Analysis {#sec4dot4-cancers-12-00070}
-------------------------------------

### 4.4.1. FGFR2, ESRP1, FGFR2-IIIb, and FGFR2-IIIc Relative Quantification {#sec4dot4dot1-cancers-12-00070}

RNA was extracted from 13 normal/tumor pairs from cohort\#1 using the mirVANA Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer instructions for total RNA isolation. cDNA was generated using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific) and all related reagents, following manufacturer instructions. Next, quantitative real-time PCR was performed using Kapa Probe Fast qPCR Master Mix (Roche, Basel, Switzerland) and related reagents following manufacturer instructions. The pre-designed PrimeTime qPCR assays Hs.PT.58.1565679 and Hs.PT.58.24361486 (IDT) were used for total *FGFR2* and *ESRP1* quantification with the 18S TaqMan probe Hs99999901_s1(Thermo Fisher Scientific) as housekeeping gene. For *FGFR2-IIIb* the custom designed assays included: probe 5′-AACAGCAAG/ZEN/CGCCTGGAAGAGAAA-3′; primer 1 5′-CAATTATATAGGGCAGGCCAAC-3′; primer 2 5′-CCCTATGCAGTAAATGGCTATC-3′. For *FGFR2-IIIc* the custom designed assays included: probe 5′-TCTGCATGG/ZEN/TTGACAGTTCTGCCA -3′; primer 1 5′-CTTGGCGGGTAATTCTATTGG-3′; primer 2 5′-CCCTATGCAGTAAATGGCTATC-3′.

### 4.4.2. RNA-Sequencing Data Analysis {#sec4dot4dot2-cancers-12-00070}

Using the original data files for cohort\#1 datasets \#5 to \#10, we specifically retrieved the FPKM values for the *FGFR2* and *ESRP1* genes, a value which combines the expression information for all annotated transcripts (FPKM). In addition, we retrieved the RPKM values for the following specific FGFR2 exons ([Figure S2](#app1-cancers-12-00070){ref-type="app"}): (1) *FGFR2-IIIb* specific exon, which corresponds to exon number 8 for transcript NM_022970 or ENST00000457416; (2) *FGFR2-IIIc* specific exon, which corresponds to exon number 6 for transcript NM_001144916 or ENST00000356226; (3) the closest upstream exon for both transcripts, i.e., exon number 7 or exon number 5 for *FGFR2-IIIb* or *FGFR2-IIIc* transcripts, respectively; (4) the closest downstream exon, i.e., exon number 9 or exon number 7 for *FGFR2-IIIb* or *FGFR2-IIIc* transcripts, respectively).

4.5. Cell Culture and Short-Interference-RNA Experiments {#sec4dot5-cancers-12-00070}
--------------------------------------------------------

Gastric cancer cell lines MKN74 and KATO-III cell lines (from ATCC) were cultured using recommended mediums: RPMI 1640 culture medium (Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Biowest, Nuaillé, France) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA). Near-normal mammary epithelial cells MCF10A were cultured in DMEM/F12 Glutamax medium (Gibco) supplemented with 5% horse serum (Lonza, Basel, Switzerland), 5 mg/mL recombinant human insulin (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin-streptomycin (Invitrogen), 500 ng/mL hydrocortisone (Sigma-Aldrich), 20 ng/mL cholera toxin (Sigma-Aldrich) and 20 ng/mL recombinant human epidermal growth factor (Sigma-Aldrich). All cell lines were kept in culture flasks at approximately 37 °C and 5% CO~2~. All cell lines authentication was performed at the Ipatimup's Cell Lines Bank, using STR amplification (Promega-Powerplex16, Identifiler, Carnaxide, Portugal). Cells were treated with human short-interference-RNA ESRP1 siGENOME-SMARTpool at 50 nM for 72 h (Thermo Fisher Scientific) or ON-TARGET plus non-targeting siRNA \#4 at 50 nM for 72 h (Thermo Fisher Scientific) as non-targeting control. Lipofectamine 2000 (Thermo Fisher Scientific) was used as transfection agent. Afterwards RNA was extracted followed by *FGFR2* (total and isoforms) and *ESRP1* RNA quantification as described previously.

4.6. Graphical Representations and Statistical Analysis {#sec4dot6-cancers-12-00070}
-------------------------------------------------------

All density plots and boxplots presented were performed using R and the package "ggplot2" \[[@B63-cancers-12-00070],[@B64-cancers-12-00070]\]. Statistical analyses were performed also using R, in particular the nonparametric Wilcoxon rank-sum test. Student's t-test was used for the analysis presented in [Figure 5](#cancers-12-00070-f005){ref-type="fig"}b,c.

5. Conclusions {#sec5-cancers-12-00070}
==============

Our study provides the first in-depth analysis of copy number and promoter methylation as the mechanisms dysregulating the expression of total *FGFR2*, its splicing regulator *ESRP1* and the *FGFR2-IIIb* and *FGFR2-IIIc* isoforms in GC.

We unveiled for the first time a link between *ESRP1* amplification and *FGFR2-IIIc* high expression, through the axis ESRP1^amp^-FGFR2^norm^-FGFR2-IIIc^high^, which seems to particularly determine the poor overall survival of patients with diffuse-type GC. These results raise the importance of evaluating, particularly in diffuse-type GC, the expression of *FGFR2-IIIc*, rather than *FGFR2-IIIb* or total *FGFR2*. Therefore, we believe *FGFR2-IIIc* should be explored as a molecular target for patients with diffuse-type GC, also providing an opportunity to repurpose available anti-FGFR2-IIIc therapies. Moreover, *FGFR2-IIIc* RNA expression may constitute a useful predictive marker of therapy response, not only for anti-FGFR2-IIIc therapies but also for other anti-FGFR2 or anti-FGFR2-IIIb therapies currently in clinical trials (e.g., \#NCT03694522 based on FGFR2-IIIb overexpression).

The authors acknowledge the support of the GenCore i3S Scientific Platform and of the Master's Degree in oncology of ICBAS and Carmen Jerónimo.

The following are available online at <https://www.mdpi.com/2072-6694/12/1/70/s1>, Table S1: Description of the data category, sample type, number of samples and source for each of the gastric cancer cohorts/datasets described in this study. Table S2: Description of the data category, sample type, number of samples, source and sample overlap for each of the 11 gastric cancer datasets derived from TCGA described in this study (cohort \#1). Table S3: Clinico-pathological factors and distinct CNVs detected in FGFR2 and ESRP1 loci across cohort \#1 dataset \#11 gastric tumors. Figure S1: Distribution of gene segment mean values in cohort \#1 dataset \#1 and dataset \#2 samples. Figure S2: Representation of the alternative splicing underlying the two FGFR2 isoforms studied: FGFR2-IIIb and FGFR2-IIIc. Figure S3: Schematic representation of FGFR2 and ESRP1 promoter regions evaluated by Bisulfite Sanger sequencing. Figure S4: Total FGFR2 and ESRP1 RNA expression, CNV and promoter methylation status. Figure S5: Significance matrices for RNA expression of *FGFR2-IIIb*, *FGFR2-IIIc* and *ESRP1* in cohort \#1 dataset \#9 GC cases separated and compared according to *FGFR2* and *ESRP1* CN status. Figure S6: Correlation between *FGFR2-IIIc* expression and clinico-pathological features. Figure S7: Correlation between *FGFR2* and *ESRP1* CN and clinico-pathological features.

###### 

Click here for additional data file.

Study conceptualization, S.P.T, P.O., C.O.; methodology, S.P.T., M.F., P.O.; writing---original draft preparation, S.P.T., P.O, C.O.; writing---review and editing, S.P.T, P.O., J.C., P.F., C.O.; funding acquisition, C.O. All authors have read and agreed to the published version of the manuscript.

Ipatimup integrate the i3S Research Unit, which is partially supported by FCT, the Portuguese Foundation for Science and Technology. This work was supported by: (1) FEDER---Fundo Europeu de Desenvolvimento Regional funds through the COMPETE 2020---Operacional Programme for Competitiveness and Internationalisation (POCI), Portugal 2020, and by Portuguese funds through Portuguese Science & Technology Foundation (FCT)/Ministério da Ciência, Tecnologia e Inovação in the framework of the project "Institute for Research and Innovation in Health Sciences" (POCI-01-0145-FEDER-007274); (2) Project NORTE-01-0145-FEDER-000029 and NORTE-01-0145-FEDER-000003, supported by Norte Portugal Regional Programme (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through FEDER; (3) FCT with the Grant References PTDC/BBB-ECT/2518/2014 and POCI-01-0145-FEDER-30164; (4) Project GenomePT Ref. POCI-01-0145-FEDER-022184, supported by COMPETE 2020---POCI, Lisboa Portugal Regional Operational Programme Lisboa2020, Algarve Portugal Regional Operational Programme (CRESC Algarve2020), under the PORTUGAL 2020 Partnership Agreement, through FEDER and FCT; (5) FEDER-POCI-FCT Grant Ref. POCI-01-0145-FEDER-016390; (6) Salary support to M.F. by GenomePT Project ref POCI-01-0145-FEDER-022184; Fellowship to S.P.T. by Grant References PTDC/BBB-ECT/2518/2014.

The authors declare no conflict of interest.

![*FGFR2* and *ESRP1* somatic copy number and promoter methylation status across several gastric cancer cohorts. (**a**) *FGFR2* and *ESRP1* Copy number status for cohort \#1 dataset \#1 tumor samples (TCGA, *n* = 338 GC unpaired samples). Most samples display amplification for at least one of the genes. (**b**) Same as (a) for cohort \#1 dataset \#2 tumor samples (TCGA, *n* = 91 normal and GC paired samples). Most samples display amplification for at least one of the genes. (**c**) Same as (**a**) for cohort \#2 tumor samples (*n* = 47 normal and GC paired samples). Most samples present normal copy number for both genes. (**d**) Representation of the 5' region of the *FGFR2* human *locus*, the promoter analyzed by Reduced Representation Bisulfite Sequencing (RRBS) in cohort \#1, the predicted CpG island, the region selected for Bisulfite Sanger Sequencing validation (proxy) and the analyzed 9 methylation probes available in normal mucosa and tumor tissue from collected TCGA and GEO datasets. Black probes are those for which information is available for both normal and tumor tissue. (**e**) Representation of the 5' region of the *ESRP1* human *locus*, the promoter analyzed by RRBS, the predicted CpG island, the region selected as proxy and the analyzed methylation probes available in normal mucosa and tumor tissue from TCGA and GSE datasets. The black probe is the only for which information is available for both normal and tumor tissue. (**f**) *FGFR2* and *ESRP1* promoter methylation status according to the RRBS results for cohort \#2. Represented is the ratio: number of CpG sites methylated in the tumor sample divided by the number of CpG sites methylated in the paired normal sample. GC cases with ratios equal or below 0.66 are considered hypomethylated while GC cases with ratios between 0.66 and 1.5 are considered without any variation. No GC cases with ratios above 1.5 (hypermethylated) were identified. (**g**) Results of the Bisulfite Sanger sequencing validation of 13 GC cases selected from within cohort \#2. Grey circles correspond to hemimethylated samples while white circles correspond to demethylated samples, determined by the analysis of the corresponding electropherograms. Also represented are the observed RRBS ratios. (**h**) Beta-values calculated for the only probe with data available for cases with paired normal and tumor samples from cohort \#1, dataset \#3 (TCGA, *n* = 27 cases), cohort \#3 (GSE25869, *n* = 32 cases) and cohort \#4 (GSE30601, *n* = 75 cases). Only the scenarios with most cases are represented. (**i**) Average beta-value calculated for the 2 probes with representation both in the normal and tumor paired samples from cohort \#1 dataset \#3, cohort \#3 and \#4 (*n* = 134 cases), as well as for cohort \#1, dataset \#4, which encompasses 416 tumor samples (TCGA). For this dataset, it is represented both the average beta-values for analyzed probes in all other cohorts (T), as well as the average beta-value calculated for all available probes overlapping the predicted CpG islands (T\$): 9 probes for *FGFR2* and 3 probes for *ESRP1*. Samples are separated per cohort and type: normal (N) or tumor (T). Only the scenarios with most cases are represented. (**j**) *FGFR2* and *ESRP1* CNV and promoter methylation status for cohort \#1 dataset \#5. Only the scenarios with most cases are represented.](cancers-12-00070-g001){#cancers-12-00070-f001}

![*FGFR2* isoforms and *ESRP1* RNA expression status across several cohorts. (**a**) Cohort \#1 dataset \#6 RNA expression for 27 paired normal (white) and tumor (grey) samples for the specific exons *FGFR2-IIIb* and *FGFR2-IIIc*. (**b**) Table with the number and percentage of cases with a given RNA expression profile for *FGFR2-IIIb*, *FGFR2-IIIc* and *ESRP1* in 13 GC paired cases from cohort \#2, determined by qRT-PCR. Upwards arrow for cases where the expression ratio (T/N) is equal or above 1.50, downwards arrow for cases with expression ratio below 0.67, and '\~' when the expression ratio is between 0.67 and 1.5. NA stands for not available. (**c**) Table with the number of cases with a given RNA expression for *FGFR2-IIIb*, *FGFR2-IIIc* and *ESRP1* in 348 GC samples (unpaired) from cohort \#1 dataset \#7, determined by *RNA-seq*. Due to the absence of paired normal samples in cohort \#1 dataset \#7, the median RPKM value for each transcript in cohort \#1 dataset \#6 normal samples was used as threshold to determine the number of cases with RNA expression above or below it in cohort \#1 dataset \#7. Median RNA expression values calculated for normal stomach samples were: *FGFR2-IIIb* = 2.89; *FGFR2-IIIc* = 1.53; *ESRP1* = 13.26. (**d**) Boxplot representation of the RNA expression of the specific exons for *FGFR2-IIIb* and *FGFR2-IIIc* isoforms (RPKM) and for the canonical *ESRP1* transcript (FPKM) for the paired normal and tumor cases from cohort \#1 dataset \#6 (N and T) and the unpaired tumor cases from cohort \#1 dataset \#7 (T\*). The larger boxplot is a zoom in from the region represented with dotted rectangles in the smaller boxplots. Asterisks stand for *p*-value ≤ 0.05. Of notice, *ESRP1* RNA expression data are the same as represented in [Supplementary Figure S4j](#app1-cancers-12-00070){ref-type="app"}.](cancers-12-00070-g002){#cancers-12-00070-f002}

![Copy number status of *FGFR2* isoforms and *ESRP1* and corresponding RNA expression level across GC cohort \#1 dataset \#9. (**a**) *FGFR2-IIIb*-specific exon RNA expression (RPKM) for GC cohort \#1 dataset \#9 tumor samples (*n* = 339) separated according to *FGFR2* somatic copy number status: amplified (dark grey), normal (grey) and deleted (white). Not all outliers are displayed. (**b**) Same as (**a**) for the RNA expression of *FGFR2-IIIc* specific exon (RPKM). (**c**) Same samples represented in (**a**) and (**b**) re-organized according to the copy number status of both *FGFR2* and *ESRP1 loci*. All 9 possible combinations for amplified (AMP), normal (NOR) and deleted (DEL) were detected in GC cohort \#1 dataset \#9 samples and are described in the X-axis along with the number of cases observed. Not all outliers are displayed. RNA expression of *FGFR2-IIIb* specific exon is depicted. (**d**) Same as (c) for *FGFR2-IIIc* specific exon. (**e**) Same as (**c**) for *ESRP1* transcript and as in [Figure S4j](#app1-cancers-12-00070){ref-type="app"}.](cancers-12-00070-g003){#cancers-12-00070-f003}

![Correlation between *FGFR2-IIIc* expression and clinico-pathological features. (**a**) Percentage of GC (cohort \#1 dataset \#11) divided according to the Lauren Classification (Diffuse, Intestinal or Mixed) displaying RNA expression of *FGFR2* upstream and downstream exons, *FGFR2-IIIb* or *FGFR2-IIIc* specific exons above (green) or below (blue) the normal stomach median expression. (**b**) Individual Kaplan-Meier plots for diffuse, intestinal or mixed GC separated according to *FGFR2-IIIc* specific exon expression (above/below the median of normal stomach). (**c**) Kaplan-Meier plot for diffuse, intestinal or mixed GC separated according to *FGFR2-IIIc* specific exon expression (above/below the median of normal stomach).](cancers-12-00070-g004){#cancers-12-00070-f004}

![*ESRP1* controls *FGFR2* isoform expression in a distinct manner according to GC cell line histotype. (**a**) *ESRP1*, total *FGFR2*, *FGFR2-IIIb* and *FGFR2-IIIc* RNA expression in parental KATO-III (diffuse type) and MKN74 (intestinal type) GC cell lines. RQ stands for relative quantification. (**b**) *ESRP1*, total *FGFR2*, *FGFR2-IIIb* and *FGFR2-IIIc* RNA expression in control cells (grey) and *ESRP1*-siRNA-treated KATO-III cells (black). Asterisk stand for *p* \< 0.05. (**c**) Same as (**b**) for control cells (grey) and *ESRP1*-siRNA-treated MKN74 cells. (**d**) Summary model of the differences observed between the diffuse- and intestinal-type GC cell lines in terms of *FGFR2* isoform expression upon *ESRP1* expression inhibition.](cancers-12-00070-g005){#cancers-12-00070-f005}
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###### 

Clinico-pathological factors and expression of *FGFR2* distinct exons and *ESRP1* in cohort \#1 dataset \#11 gastric tumors.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinico-Pathological\   *FGFR2* RNA Expression ^1^   *ESRP1* RNA Expression ^1^                                                                                  
  Factor                                                                                                                                                           
  ----------------------- ---------------------------- ---------------------------- --------------- ---------------- ---------- ----------- ----------- ---------- ----------
  **Gender**              Female                       36 (36%)                     38 (39%)        53 (38%)         21 (37%)   21 (38%)    53 (37%)    66 (37%)   8 (40%)

  Male                    64 (64%)                     60 (61%)                     88 (62%)        36 (63%)         35 (63%)   89 (63%)    112 (63%)   12 (60%)   

  *p*-value               ns                           ns                           ns              ns                                                             

  **Age**                  \< 65                       44 (44%)                     42 (43%)        62 (44%)         24 (42%)   30 (54%)    56 (39%)    71 (40%)   12 (60%)

  \>=65                   56 (56%)                     56 (57%)                     79 (56%)        33 (58%)         26 (46%)   86 (63%)    103 (58%)   8 (40%)    

  *p*-value               ns                           ns                           ns              ns                                                             

  **Vital Status**        Dead                         41 (41%)                     30 (31%)        51 (36%)         20 (35%)   28 (50%)    43 (30%)    62 (35%)   9 (45%)

  Alive                   59 (59%)                     68 (69%)                     90 (64%)        37 (65%)         28 (50%)   99 (70%)    116 (65%)   11 (55%)   

  *p*-value               ns                           ns                           1.46 × 10^−2^   ns                                                             

  **Lauren Class.**       Diffuse                      29 (29%)                     20 (20%)        31 (22%)         18 (32%)   28 (50%)    21 (15%)    32 (18%)   17 (85%)

  Intestinal              63 (63%)                     71 (72%)                     101 (72%)       33 (58%)         24 (43%)   110 (77%)   132 (74%)   2 (10%)    

  Mixed                   8 (8%)                       7 (7%)                       9 (6%)          6 (11%)          4 (7%)     11 (8%)     14 (8%)     1 (5%)     

  *p*-value               ns                           ns                           1.21 × 10^−6^   3.14 × 10^−10^                                                 

  **Stage**               I/II                         46 (46%)                     49 (50%)        67 (48%)         28 (49%)   29 (52%)    66 (46%)    88 (49%)   7 (35%)

  III/IV                  46 (46%)                     41 (42%)                     60 (43%)        27 (47%)         24 (43%)   63 (44%)    76 (43%)    11 (55%)   

  NA                      8 (8%)                       8 (8%)                       14 (10%)        2 (4%)           3 (5%)     13 (9%)     14 (8%)     2 (10%)    

  *p*-value               *ns*                         *ns*                         *ns*            *ns*                                                           

  **Molecular Subtype**   CIN                          51 (51%)                     50 (51%)        74 (52%)         27 (47%)   19 (34%)    82 (58%)    97 (54%)   4 (20%)

  EBV                     7 (7%)                       10 (10%)                     12 (9%)         5 (9%)           2 (4%)     15 (11%)    17 (10%)    0 (0%)     

  MSI                     18 (18%)                     19 (19%)                     26 (18%)        11 (19%)         8 (14%)    29 (20%)    37 (21%)    0 (0%)     

  GS                      24 (24%)                     19 (19%)                     29 (21%)        14 (25%)         27 (48%)   16 (11%)    37 (21%)    16 (80%)   

  *p*-value               ns                           ns                           3.54 × 10^−7^   1.07 × 10^−7^                                                  
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^1^ Percentages calculated in relation to total number of cases displayed on the 'Above' or 'Below' categories.
